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Abstract 
[Introduction] 
Solid dispersion is one of the useful strategies to improve drug dissolution properties. 
Various polymers have been studied as the solid dispersion carriers to improve drug dissolution 
and stabilize amorphous drug. Partially hydrolyzed polyvinyl alcohol (PVOH), which is a 
semicrystalline polymer synthesized from polyvinyl acetate undergone partial hydrolysis, has 
been utilized as a solid dispersion carrier. In this study, we examined the effect of degree of 
hydrolysis (DH) of PVOH and effect of hot-melt extrusion condition on the physical stability 
of the PVOH-based solid dispersion.  
[Methods] 
In part I, PVOHs with the DH of 8%, 36 %, 66 %, and 81% were used to prepare the solid 
dispersion. Nifedipine (NIF) was used as a model of poorly water-soluble drugs. NIF and 
PVOH were mixed at the weight ratio of 3:7 to prepare a physical mixture (PM). The PM was 
hot-melt extruded at 190ºC to obtain a hot-melt extrudate (HME). The sample characterization 
was conducted by powder X-ray diffraction (PXRD), differential scanning calorimetry (DSC), 
and infrared spectroscopy (IR) measurements.  
In part II, the solid dispersion was prepared by using PVOH with the DH of 81%. 
Indomethacin (IMC) was used a model of poorly water-soluble drugs. IMC and PVOH were 
mixed at the weight ratio of 3:7, 5:5, and 7:3 to prepare a PM. The PM was hot-melt extruded 
either 170ºC or 190ºC to prepare a HME. The prepared HMEs were characterized by PXRD, 
DSC, and 13C solid–state NMR measurements.  
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[Results and Discussion] 
Part 1. Effect of DH of PVOH on physical stability of NIF/PVOH HME 
PXRD measurements represented that NIF in all the NIF/PVOH HMEs was amorphized by 
hot-melt extrusion with PVOH. IR measurements showed that N-H stretching peak of NIF was 
clearly shifted in NIF/PVOH HME with PVOH of 8% DH compared with amorphous NIF. 
Furthermore, the peak shift became significant with the decrease in the DH of PVOH. 
Hydrogen bonding would be formed between N-H group of NIF and acetyl group of PVOH. 
DSC measurement was conducted for the PM after melt-cooling in the DSC pan to investigate 
the glass transition temperature (Tg) of NIF/PVOH solid dispersion. The Tg of the NIF/PVOH 
solid dispersion increased with the increase of the DH of PVOH. The NIF/PVOH HMEs were 
stored at 0% relative humidity (RH) and 40ºC to evaluate the amorphous stability of NIF. In 
the NIF/PVOH HME with PVOH of 8% DH, NIF recrystallized on storage, while the NIF 
recrystallization was not observed in the NIF/PVOH HME with PVOH of 81% DH. Therefore, 
the DH of PVOH clearly affected the amorphous stability of NIF in PVOH-based solid 
dispersion. The higher Tg of PVOH with higher DH would efficiently stabilize the amorphous 
NIF in PVOH-based solid dispersion, although the strong hydrogen bonding between NIF and 
PVOH with relatively low DH could not effectively work for the stabilization of amorphous 
NIF. 
Part 2. Effect of hot-melt extrusion condition on physical stability of IMC/PVOH HME 
PXRD measurement represented that IMC was amorphized with PVOH of 81% DH in all 
the IMC/PVOH HMEs with IMC weight ratio of 30%-70%. The IMC molecules could be 
mixed with the amorphous PVOH at the molecular level in the low IMC loading. On the 
contrary, the excess IMC loading resulted in the formation of IMC-rich domain due to the limit 
of the capacity of IMC loading in PVOH amorphous phase. 13C solid-state NMR measurement 
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showed that a carboxylic group of IMC and a hydroxy group of PVOH formed an 
intermolecular interaction in the IMC/PVOH HMEs. The intermolecular interaction partially 
disrupted the crystalline phase of PVOH. The stronger intermolecular interaction in the 
IMC/PVOH HMEs was achieved at the higher extrusion temperature. The physical stability of 
IMC/PVOH HMEs were evaluated at 0% RH and 60ºC. The IMC/PVOH HME at the weight 
ratio of 7:3 processed at higher extrusion temperature exhibited higher physical stability of 
amorphous IMC than that processed at lower extrusion temperature. The hot-melt extrusion at 
higher temperature allowed the rapid melting of crystal phase of PVOH, leading to the more 
homogeneous mixing with IMC and the stronger intermolecular interaction formation. 
[Conclusion] 
The physical stability of PVOH-based solid dispersion was strongly affected by intrinsic Tg 
of PVOH. The PVOH with higher DH could more effectively stabilize amorphous state of the 
drug in the solid dispersion. Additionally, preparation condition of the PVOH-based solid 
dispersion also influenced the physical stability of amorphized drug in the solid dispersion. The 
hot-melt extrusion at high extrusion temperature led to the homogeneous mixing of drug and 
PVOH followed by the improved stability of the amorphous drug in the solid dispersion. The 
present study clearly indicated the importance of Tg of the polymer and optimization of the hot-
melt extrusion conditions. The stable solid dispersion formulations can be obtained from the 
molecular state consideration of both drug and polymer in the extrusion process. 
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Introduction 
A comprehensive application of a high throughput screening technique in recent years 
promotes the discovery of the new drug candidates with high lipophilicity and poor water-
solubility. The various formulation techniques have been developed to enhance drug solubility 
and bioavailability. In the past decade, amorphization of the crystalline drug has been one of 
the most effective approaches for improving the aqueous solubility of the drug.1 The 
amorphous drug acquires higher energy than the crystalline drug, showing higher water 
solubility and bioavailability. However, recrystallization of the amorphous drug during 
dissolution or storage can obstruct the bioavailability improvement. Hence, a solid dispersion, 
where drug is dispersed into the polymer matrix as an amorphous state, has been widely studied 
to improve the stability of the amorphous state of drugs.2,3 The water-soluble polymer such as 
derivatives of cellulose, vinyl, methacrylate, and polyethylene glycol has been used in solid 
dispersion as a carrier.2,4 
Partially hydrolyzed polyvinyl alcohol (PVOH) is a non-toxic and biodegradable polymer 
used in food, medical, and pharmaceutical industries.5,6 PVOH is a semicrystalline polymer 
synthesized from polyvinyl acetate undergone partial hydrolysis. The degree of hydrolysis 
(DH) of PVOH influences crystallinity and water solubility of PVOH.7,8 Previous studies 
reported that solid dispersion prepared by PVOH with high DH provides rapid drug release.9,10 
Moreover, Jaeghere et al. reported that drug release from PVOH-based solid dispersion is 
constant independent of the ionic strength and solution pH.11 PVOH can be a useful polymer 
as solid dispersion carrier to obtain the effective drug absorption enhancement in the 
gastrointestinal tract. 
Various preparation techniques of solid dispersion, such as spray-drying, hot-melt extrusion, 
co-grinding, and co-precipitation have been studied.4 Different preparation process causes 
different performance of dissolution and physical stability of the solid dispersion. From the 
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viewpoint of manufacturing, hot-melt extrusion has various benefits including solvent-free 
process and continuous production compared with other preparation techniques.12,13 So far, the 
effect of hot-melt extrusion conditions on the drug amorphization in the solid dispersions has 
been studied. A decrease of screw speed during hot-melt extrusion extends the residence time 
of the sample in the extruder, leading to further amorphization of drug.14 A counter-rotating 
extruder can more efficiently amorphize the drug than a co-rotating extruder.15 Additionally, 
the hot-melt extrusion at low extrusion temperature sometimes causes remained crystalline 
drug in the hot-melt extrudate.16,17 However, the effect of preparation condition of hot-melt 
extrusion on the molecular state and physical stability of the prepared solid dispersion is still 
unclear.  
The physical stability of amorphized drug in the solid dispersion strongly relates to the 
physicochemical properties of the carrier polymer, such as functional groups, water 
absorbency, and glass transition temperature (Tg). The physical stability of the solid dispersion 
can be also influenced by the intermolecular interaction and miscibility between the drug and 
polymer.18,19 The amorphous state of the drug can be maintained according to the contribution 
of high miscibility of the drug with the polymer in the solid dispersion.20,21 Moreover, a strong 
intermolecular interaction between drug and polymer effectively prohibits drug 
crystallization.22,23 
In part I of this study, solid dispersion was prepared by the hot-melt extrusion using PVOH 
with different DH. Nifedipine (NIF) was used as a model of poorly water-soluble drugs. The 
molecular state of both PVOH and NIF in the solid dispersion was investigated using powder 
X-ray diffraction (PXRD), differential scanning calorimetry (DSC), and infrared (IR) 
spectroscopy techniques. The physical stability of each solid dispersion was also assessed.  
Finally, effect of DH of PVOH on physical stability of NIF solid dispersion was discussed 
based on the revealed molecular state of NIF and PVOH. 
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In part II of this study, the PVOH-based solid dispersion was prepared using indomethacin 
(IMC) as a model of poorly water-soluble drugs by the hot-melt extrusion with the different 
preparation conditions. The molecular state of both PVOH and IMC in the prepared solid 
dispersion was evaluated PXRD, DSC, and 13C solid-state NMR techniques. The physical 
stability of each solid dispersion was also assessed. Finally, the effect of extrusion temperature 
and drug loading on the physical stability of the prepared solid dispersion was discussed based 
on the revealed molecular state of IMC and PVOH. 
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Part I Effect of DH of PVOH on physical stability of NIF/PVOH HME  
 
Experimental 
Material 
The PVOH with the DH at 8%, 36%, 66%, and 81% and degree of polymerization around 
250 was kindly gifted from Japan VAM & POVAL Co., Ltd., (Osaka, Japan). The NIF was 
purchased from Wako Chemical Co (Tokyo, Japan). Amorphous NIF was prepared by melting 
NIF at 190ºC for 5 min and quenched in liquid nitrogen. The chemical structures of NIF and 
PVOH are represented in Figure 1-1. 
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Figure 1-1. Chemical structures of (a) nifedipine (NIF) and (b) partially hydrolyzed polyvinyl 
alcohol (PVOH). 
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Sample preparation 
NIF and PVOH were mixed at a weight ratio of 3:7 by vortex mixing in a glass vial for 3 
min to prepare the physical mixture (PM). The PM was hot-melt extruded by a HAKKE 
Minilab II co-rotating twin-screw extruder (Thermo Fisher Scientific, Inc., Karlsruhe, 
Germany) at 190ºC with a screw speed of 20 rpm. The obtained pellets were milled at 10 Hz 
at 4°C for 15 min using a vibration ball mill (MM 400, Verder Scientific, Co., Ltd., Haan, 
Germany) and sieved using a 42 mesh sieve to yield NIF/PVOH hot-melt extrudate (HME). 
The DH of PVOH used in NIF/PVOH HME was described in the parenthesis as NIF/PVOH 
HME (DH = 8%, 36%, 66%, or 81%). PVOH HME was prepared with the same hot-melt 
extrusion condition. 
 
PXRD measurement 
The PXRD measurement for the prepared samples was performed using a Rigaku MiniFlex 
II powder diffraction system (Rigaku Corp., Tokyo, Japan). The X-ray source was CuK 
radiation (30 kV and 15 mA). The scanning range was 2 = 3-40º, and the scan speed was 
4º/min.  
The PXRD measurement to evaluate the recrystallization of NIF during storage of 
NIF/PVOH HME was conducted using a Bruker D8 ADVANCE (Bruker AXS, Karlsruhe, 
Germany) under the following conditions: target, Cu; voltage, 40 kV; current, 40 mA. Scans 
were performed with a detector step size of 0.02º over an angular range 2 = 5-30º and counting 
for 0.75 s per step.  
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IR measurement 
The IR spectroscopy measurement was performed using an ALPHA FT-IR spectrometer 
(Bruker Optics Co. Ltd., Ettlingen, Germany) by a KBr disc method. The IR spectra were 
obtained in the scan range of 375-4000 cm-1 at a resolution of 4 cm-1 with 64 scans at a 
temperature of 25°C. 
 
DSC measurement 
The DSC measurement was carried out using a DSC6100 (Seiko Instruments Inc., Chiba, 
Japan). Approximately 5 mg of the powder sample was placed in a crimped aluminium pan. 
Then, dry nitrogen was used as insert gas at a flow rate of 50 mL/min, and the measurements 
were carried out with a heat-cool-heat process. The intact PVOH was once heated to 220ºC and 
held isothermally for 5 min. Then, they were cooled at the cooling rate of 10ºC/min to -20ºC 
and reheated to 200ºC at the heating rate of 10ºC/min. The NIF and NIF/PVOH PM were once 
heated to 200ºC and held isothermally for 3 min and 2 min, respectively. Then, they were 
cooled at the cooling rate of 10ºC/min to 0ºC and reheated to 260ºC at the heating rate of 
10ºC/min. 
 
Stability test 
Sample powder was stored in an open vial in a desiccator filled with silica gel to control the 
relative humidity (RH) at 0% and 40°C. The NIF recrystallization was evaluated by PXRD 
measurements of the stored sample at the definite interval.  
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Results and discussion 
 
PXRD measurement 
Figure 1-2 represented the PXRD patterns of NIF and the PVOH HME. The PVOH HME 
(DH = 81%) and the PVOH HME (DH = 66%) exhibited a broad diffraction peak at around 
20º. The PVOH HME (DH = 81%) showed a relatively high intensity of the broad diffraction 
peak compared with the PVOH HME (DH = 66%). PVOH, a semicrystalline polymer, 
possesses a crystalline phase formed by the intermolecular hydrogen bonding between OH 
groups along the polymer chain.24,25 The diffraction peak of the PVOH HME should be derived 
from the crystalline phase of PVOH. The PVOH HME (DH = 81%) should consist of a large 
amount of crystalline phase of PVOH compared with the PVOH HME (DH = 66%). 
Meanwhile, both the PVOH HME (DH = 36%) and the PVOH HME (DH = 8%) showed the 
halo patterns without any characteristic diffraction peaks, indicating amorphous character of 
PVOH without crystalline phase. This should be ascribed to the relatively high composition of 
polyvinyl acetate in PVOH.  
Figure 1-3 represents the PXRD patterns of the NIF/PVOH HME with the different DH of 
PVOH. All of the NIF/PVOH HMEs did not represent characteristic diffraction peaks of NIF 
crystal. NIF was amorphized by hot-melt extrusion with PVOH. The NIF/PVOH HME (DH = 
81%) exhibited the diffraction peak around 20º corresponding to the crystalline phase of 
PVOH. Meanwhile, the NIF/PVOH HME (DH = 66%) showed no diffraction peaks derived 
from the crystalline phase of PVOH. The relatively low amount of crystalline phase in the 
PVOH (DH = 66%) would not be reflected in the PXRD pattern of the NIF/PVOH HME (DH 
= 66%). 
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Figure 1-2. Powder X-ray diffraction (PXRD) patterns of (a) PVOH HME (DH = 81%), (b) 
PVOH HME (DH = 66%), (c) PVOH HME (DH = 36%), (d) PVOH HME (DH = 8%), (e) 
amorphous NIF, and (f) NIF crystal. 
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Figure 1-3. PXRD patterns of (a) NIF/PVOH HME (DH = 81%), (b) NIF/PVOH HME (DH = 
66%), (c) NIF/PVOH HME (DH = 36%), and (d) NIF/PVOH HME (DH = 8%). 
  
15 
 
IR measurement 
Figure 1-4 shows the IR spectra of the HMEs. NIF crystal represented characteristic peaks 
of crystalline NIF at 1680 and 1689 cm-1 of C=O stretching and at 3332 cm-1 of N-H stretching. 
NIF molecules form hydrogen bondings between the NH group and one of the two carbonyl 
groups in the NIF crystal, resulting in the different C=O stretching peaks of the hydrogen-
bonded and non-hydrogen-bonded carbonyls of NIF.26 The C=O stretching peaks were shifted 
to 1685 and 1704 cm-1 in amorphous NIF, while the N-H stretching peak was shifted to 3338 
cm-1. The peak shift in the amorphous NIF should be derived from weakening in hydrogen 
bonding between NIF molecules by amorphization.26 In the spectra of the PVOH HME, the O-
H stretching peak was observed at 3200-3600 cm-1, while the C=O stretching peak of acetyl 
group in PVOH was observed at 1740 cm-1.27 In the lower wavenumber region of IR spectra of 
the NIF/PVOH HMEs, since the C=O stretching peaks of NIF and PVOH were overlapped, the 
change of peak shape or peak shift of both the C=O stretching peaks could not be clearly 
observed. 
Figure 1-5 represents the expanded IR spectra at N-H stretching region of NIF. The N-H 
stretching peak of NIF in amorphous NIF was shifted to higher wavenumber in the NIF/PVOH 
HME. The peak shift became significant with the decrease in the DH of PVOH in the 
NIF/PVOH HMEs. Huang et al. reported the N-H stretching peak of amorphous NIF was 
shifted by intermolecular hydrogen bonding between NH group of NIF and carbonyl group of 
Eudragit RL.28 In the similar manner, the hydrogen bonding would be formed between NH 
group of NIF and the acetyl group of PVOH. The intermolecular interaction between NIF and 
PVOH could be more strongly formed in the NIF/PVOH HME using PVOH with lower DH. 
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Figure 1-4. Infrared (IR) spectra of (a) NIF/PVOH HME (DH = 81%), (b) NIF/PVOH HME 
(DH = 66%), (c) NIF/PVOH HME (DH = 36%), (d) NIF/PVOH HME (DH = 8%), (e) PVOH 
HME (DH = 81%), (f) PVOH HME (DH = 66%), (g) PVOH HME (DH = 36%), (h) PVOH 
HME (DH = 8%), (i) amorphous NIF, and (j) NIF crystal. 
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Figure 1-5. Expanded IR spectra of (a) NIF/PVOH HME (DH = 81%), (b) NIF/PVOH HME 
(DH = 66%), (c) NIF/PVOH HME (DH = 36%), (d) NIF/PVOH HME (DH = 8%), (e) 
amorphous NIF, and (f) NIF crystal. The dotted line represents the peak top of N-H stretching 
peak of amorphous NIF. 
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DSC measurement 
Figure 1-6 shows the DSC thermograms of PVOH in the second heating process. The PVOH 
(DH = 81%) and the PVOH (DH = 66%) exhibited glass transition event at 60.3ºC and 51.8ºC, 
respectively. A broad endothermic event in the range of 150-200ºC was observed in both the 
PVOH (DH = 81%) and the PVOH (DH = 66%), indicating the melting of crystalline phase of 
PVOH. The PVOH (DH = 36%) and the PVOH (DH = 8%) represented glass transition event 
at 45.2ºC and 39.5ºC, respectively. The Tg of PVOH increased with the increase in DH of 
PVOH. Both the PVOH (DH = 36%) and the PVOH (DH = 8%) showed no melting endotherm 
of crystalline phase of PVOH. 
Figure 1-7 represents the DSC thermograms of NIF and the NIF/PVOH PM in the second 
heating process. The NIF showed glass transition event at 40.7ºC followed by the exothermic 
event at 99.5ºC derived from recrystallization of the amorphous NIF. The endothermic peak at 
168ºC represented the melting of NIF crystal.29 All of the NIF/PVOH PM exhibited single glass 
transition after melt-cooling, indicating the preferable mixing of NIF and PVOH on a scale of 
several tens of nanometer.30 The Tg of the NIF/PVOH PM after melt-cooling was increased 
with the increase of DH of PVOH. The Tg increase should be due to the higher Tg of the PVOH 
with the higher DH. Moreover, no crystallization or melting peak of NIF was observed in the 
second heating process in all the NIF/PVOH PM, indicating that PVOH can effectively 
stabilize the amorphized NIF. However, a broad melting endotherm in the range of 150-200ºC 
was observed in both the NIF/PVOH PM (DH = 81%) and the NIF/PVOH PM (DH = 66%). 
The endothermic peak would be derived from the melting of crystalline phase of PVOH. 
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Figure 1-6. Differential scanning calorimetry (DSC) thermograms of (a) PVOH (DH = 81%), 
(b) PVOH (DH = 66%), (c) PVOH (DH = 36%), and (d) PVOH (DH = 8%) in the second 
heating process. Tg is represented in figure. 
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Figure 1-7. DSC thermograms of (a) NIF/PVOH (DH = 81%) PM, (b) NIF/PVOH (DH = 66%) 
PM, (c) NIF/PVOH (DH = 36%) PM, (d) NIF/PVOH (DH = 8%) PM, and (e) NIF in the second 
heating process. Tg is represented in figure. 
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Physical stability of NIF/PVOH HMEs 
The physical stability of the NIF/PVOH HME (DH = 8%) and the NIF/PVOH HME (DH = 
81%) at 0% RH and 40ºC was examined by the PXRD measurement (Figure 1-8). The 
NIF/PVOH HME (DH = 8%) represented the NIF recrystallization after 16-week storage. 
Meanwhile, the NIF/PVOH HME (DH = 81%) showed no crystalline peak of NIF even after 
16-week storage. The PVOH (DH = 81%) has higher intrinsic Tg and more effectively 
stabilized amorphous NIF in the NIF/PVOH HME. The Tg rather than the intermolecular 
interaction between NH group of NIF and acetyl group of PVOH could efficiently work for the 
stabilization of amorphous NIF. 
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Figure 1-8. PXRD patterns of (a) NIF/PVOH (DH = 81%) and (c) NIF/PVOH (DH = 8%) after 
storage of 0% RH and 40ºC for 16 weeks. Freshly prepared (b) NIF/PVOH (DH = 81%) and 
(d) NIF/PVOH (DH = 8%) are inserted for comparison. Crystalline NIF peaks are denoted with 
asterisks in the PXRD pattern. 
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Part II Effect of hot-melt extrusion condition on physical stability of 
IMC/PVOH HME 
 
Experimental 
Material 
The PVOH with the DH at 81% and degree of polymerization of 230 (molecular weight = 
12,000) was a kind gift from Japan VAM & POVAL Co., Ltd., (Osaka, Japan). The -form 
IMC (-IMC) was purchased from Wako Chemical Co., (Tokyo, Japan). Amorphous IMC was 
prepared by melting IMC at 170ºC for 3 min and quenched in liquid nitrogen. The chemical 
structures of IMC and PVOH are represented in Figure 2-1. 
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Figure 2-1. Chemical structures of (a) indomethacin (IMC) and (b) PVOH. Carbon numbering 
of IMC represents peaks assignment in NMR spectra. 
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Sample preparation 
IMC and PVOH were mixed at a weight ratio of 3:7, 5:5, and 7:3 by vortex mixing in a glass 
vial for 3 min to prepare the PM. The PM was hot-melt extruded by a HAKKE Minilab II co-
rotating twin-screw extruder (Thermo Fisher Scientific, Inc., Karlsruhe, Germany) at 170°C or 
190°C with a screw speed of 20 rpm. The extrusion temperature at 170ºC and 190ºC was used 
considering the melting temperature of IMC and PVOH, respectively. The obtained pellets 
were pulverized at 10 Hz for 15 min at 4°C using a vibration ball mill (MM 400, Verder 
Scientific, Co., Ltd., Haan, Germany) and screened through a 42 mesh sieve to yield an 
IMC/PVOH HME. The weight ratio of IMC and PVOH and extrusion temperature were 
described in the parenthesis as IMC/PVOH HME (3:7, 5:5, or 7:3, and 170 or 190°C). PVOH 
HME was prepared with the same hot-melt extrusion condition. 
 
PXRD measurement 
The PXRD measurement was carried out using a Bruker D8 ADVANCE (Bruker AXS, 
Karlsruhe, Germany) under the following conditions: target, Cu; voltage, 40 kV; current, 40 
mA. Scans were conducted with a detector step size of 0.02° over an angular range 2 = 5-30° 
and counting for 0.75 s per step.  
 
DSC measurement 
The DSC measurement was performed using a DSC6100 (Seiko Instruments Inc., Chiba, 
Japan). Approximately 5 mg of the powder sample was placed in a crimped aluminium pan.  
Then, dry nitrogen was used as insert gas at a flow rate of 50 ml/min, and the measurements 
were carried out with a heat-cool-heat process. The samples were once heated to 100C and 
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held isothermally for 5 min to remove water residue. Then, they were cooled at the cooling rate 
of 10C/min to 25C and reheated to 220C at the heating rate of 10C/min.  
 
13C solid-state NMR measurement 
The 13C solid-state NMR measurement was conducted using a 4 mm cross polarization (CP) 
with magic-angle spinning (MAS) probe with an ECX-400 NMR system (9.4 T, JEOL 
Resonance Inc., Tokyo, Japan). The 13C NMR spectra were acquired at 20C using CP and 
MAS at 5 kHz with total spinning sideband suppression and high-power 1H decoupling. The 
pertinent acquisition parameters included relaxation delay of 5 s, CP contact time of 2 ms, and 
1H 90º pulse of 3 s. All spectra were externally referenced by setting the methyl peak of 
hexamethylbenzene to 17.3 ppm. 
 
Stability test 
Sample powder was stored in an open vial in a desiccator filled with silica gel to control the 
condition at 0% RH and 60C. The IMC crystallization was evaluated by PXRD measurements 
of the stored sample at the definite interval.  
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Results and discussion 
 
PXRD measurement 
The crystalline state of processed IMC and PVOH was examined by PXRD measurement 
(Figure 2-2). A broad diffraction peak at around 20º was observed in the PXRD pattern of intact 
PVOH. The PVOH HME (190ºC) represented a relatively sharp diffraction peak at 19º 
compared with intact PVOH. The sharpening of the diffraction peak of PVOH indicated that 
the packing of the crystalline phase of PVOH was aligned by hot-melt extrusion process. 
Furthermore, the PVOH HME (170ºC) showed a broad diffraction peak at 12º in addition to 
the peak at 19º. The PVOH HME (170ºC) should consist of another crystalline phase other than 
that in PVOH HME (190ºC). It was suggested that the crystalline properties of the PVOH HME 
were affected by hot-melt extrusion temperature. 
The PXRD patterns of all the IMC/PVOH HMEs did not represent any characteristic 
diffraction peaks of IMC crystal (Figure 2-3). IMC could be amorphized by hot-melt extrusion 
with PVOH. The IMC/PVOH HMEs (3:7) showed the diffraction peak at 19º associated with 
the crystalline phase of PVOH. Meanwhile, both IMC/PVOH HMEs (5:5) and IMC/PVOH 
HMEs (7:3) exhibited the halo patterns without any characteristic diffraction peaks of the 
crystalline phase of PVOH. The previous study reported that the crystalline phase of PVOH 
was reduced in the blending of PVOH with alginate fibers due to a formation of the 
intermolecular interaction.31 The crystalline phase of PVOH would be reduced by forming 
intermolecular interaction between PVOH and amorphized IMC in the hot-melt extrusion. 
Moreover, the diffraction peak of crystalline phase of PVOH was more clearly detected in 
IMC/PVOH HME (3:7, 170ºC) than IMC/PVOH HME (3:7, 190ºC). The crystalline phase of 
PVOH in the IMC/PVOH HMEs was reduced with the increase of the extrusion temperature.  
28 
 
 
Figure 2-2. PXRD patterns of (a) intact PVOH, (b) PVOH HME (170ºC), (c) PVOH HME 
(190ºC), (d) amorphous IMC, and (e) -IMC. 
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Figure 2-3. PXRD patterns of (a) IMC/PVOH HME (3:7, 170ºC), (b) IMC/PVOH HME (3:7, 
190ºC), (c) IMC/PVOH HME (5:5, 170ºC), (d) IMC/PVOH HME (5:5, 190ºC), (e) 
IMC/PVOH HME (7:3, 170ºC), and (f) IMC/PVOH HME (7:3, 190ºC). 
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DSC measurement 
Figure 2-4 represents the DSC thermograms of processed IMC and PVOH. The -IMC 
represented a melting endotherm at 160.3ºC.32 The amorphous IMC exhibited a glass transition 
event at 45.3ºC followed by the exothermic event at 101.3ºC ascribed to recrystallization of the 
amorphous IMC. The two endothermic peaks at 152.6ºC  and 160.3ºC depicted the melting of 
the - and -forms of IMC, respectively.33 The PVOH HMEs represented the similar Tg around 
60ºC with that of intact PVOH, regardless of processing with the hot-melt extrusion. Each 
PVOH exhibited the endothermic event in the range of 150-200ºC derived from the melting of 
PVOH crystalline phase. Intact PVOH and the PVOH HME (190ºC) showed single 
endothermic peak with the peak top at 190ºC. On the contrary, the PVOH HME (170ºC) 
exhibited relatively broad melting endotherms between 150-200ºC. Thomas and Cebe reported 
that partially melted PVOH film represents two melting endotherms. The melted crystalline 
phase of PVOH was aligned during the cooling process, and forms a another crystalline phase 
with different packing array from that of the initial crystalline phase.34 The crystal phase of 
PVOH could be partially melted in the hot-melt extrusion of PVOH at 170ºC, leading to the 
formation of the crystalline phase rather than the initial crystalline phase. The relatively broad 
melting peak of PVOH HME (170ºC) should be ascribed to the overlapping of endothermic 
peaks of two different crystalline phases. The PXRD pattern of the PVOH HME (170ºC), where 
the additional diffraction peak was detected compared with PVOH HME (190ºC), also 
indicated the presence of two crystalline phases in PVOH HME (170ºC) (Figure 2-2). On the 
other hand, the hot-melt extrusion of PVOH at 190ºC completely melted the crystalline phase 
of PVOH. Hence, one kind of the crystalline phase was developed in PVOH HME (190ºC) 
during cooling process after hot-melt extrusion.  
The DSC thermograms of IMC/PVOH HMEs are represented in Figure 2-5. The 
IMC/PVOH HME (3:7, 170ºC) and HME (3:7, 190ºC) showed the glass transition event at 
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56.2ºC and 56.8ºC, respectively. The single glass transition of IMC/PVOH HME (3:7) 
indicated the phase homogeneity of IMC and PVOH in a scale of several tens of nanometer.30 
Furthermore, the IMC/PVOH HMEs (3:7) exhibited endothermic peaks in the range of 150-
200ºC. The endothermic peak would be derived from the melting of crystalline phase of PVOH, 
which was detected in the PXRD patterns (Figure 2-3). The IMC/PVOH HME (5:5, 170ºC) 
and HME (5:5, 190ºC) also exhibited single glass transition event at 54.7ºC and 54.0ºC, 
respectively, and the Tg was similar with each other despite the different extrusion 
temperatures. The Tg of IMC/PVOH HMEs (5:5) was a slightly lower than that of the 
IMC/PVOH HMEs (3:7). The increase in the amount of IMC with the relatively low Tg at 
45.3ºC compared with PVOH at around 60ºC should reduce the Tg of the IMC/PVOH HME. 
In the comparison with IMC/PVOH HMEs (3:7), both IMC/PVOH HMEs (5:5) and 
IMC/PVOH HMEs (7:3) showed no melting endotherm of the crystalline phase of PVOH. The 
crystalline phase of PVOH could be disrupted by the increase of IMC loading. The IMC/PVOH 
HME (7:3, 170ºC) represented glass transition event at 50.1ºC, while the Tg of IMC/PVOH 
HME (7:3, 190ºC) was relatively higher at 53.5ºC. Moreover, IMC/PVOH HME (7:3, 170ºC) 
showed the exothermic event of recrystallization of amorphous IMC and the melting 
endotherm of recrystallized IMC at 101.5ºC and 150.6ºC, respectively. The IMC and PVOH 
would not be homogeneously mixed in IMC/PVOH HME (7:3, 170ºC). The relatively low Tg 
of IMC/PVOH HME (7:3, 170ºC) should be derived from the observation of glass transition 
event of IMC-rich phase. Hence, the IMC should be recrystallized from the IMC-rich phase in 
IMC/PVOH HME (7:3, 170ºC). On the other hand, the IMC and PVOH in the IMC/PVOH 
HME (7:3, 190ºC) were highly miscible compared to the IMC/PVOH HME (7:3, 170ºC), 
leading to no recrystallization of amorphous IMC in the heating process. The hot-melt 
extrusion at high temperature would be superior for homogeneous mixing of IMC with PVOH.  
32 
 
 
Figure 2-4. DSC thermograms of (a) intact PVOH, (b) PVOH HME (170ºC), (c) PVOH HME 
(190ºC), (d) amorphous IMC, and (e) -IMC. Tg is represented in figure. 
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Figure 2-5. DSC thermograms of (a) IMC/PVOH HME (3:7, 170ºC), (b) IMC/PVOH HME 
(3:7, 190ºC), (c) IMC/PVOH HME (5:5, 170ºC), (d) IMC/PVOH HME (5:5, 190ºC), (e) 
IMC/PVOH HME (7:3, 170ºC), and (f) IMC/PVOH HME (7:3, 190ºC). Tg is represented in 
figure. 
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13C solid-state NMR measurement 
Figure 2-6 represents 13C solid-state NMR spectra of the prepared samples. The -IMC 
peaks were assigned based on the previous reports.35,36 Amorphous IMC represented broad 
peaks compared with -IMC due to the random array of IMC molecules in the amorphous 
state.37 Similarly, all the IMC/PVOH HME exhibited the broad IMC peaks, confirming the 
amorphization of IMC. In the PVOH spectra, the peaks of methine (CH) carbon at 60-80 ppm, 
methylene (CH2) carbon at 45 ppm, and methyl (CH3) carbon at 22 ppm were detected in the 
higher magnetic field, while acetyl carbon peak was represented in the lower magnetic field at 
171 ppm.38 The PVOH HME (170ºC) and PVOH HME (190ºC) exhibited identical 13C NMR 
spectra, even though the results of PXRD and DSC showed differences in the crystalline phase 
of PVOH. The peaks observed in the spectra should be ascribed to the amorphous phase of 
PVOH, and the crystalline peaks were not revealed according to the overlapping of the peaks. 
Hence, the differences between PVOH HME (170ºC) and PVOH HME (190ºC) could not be 
observed in the 13C solid-state NMR spectra. 
The enlarged spectra of CH region of PVOH are shown in Figure 2-7a. The blending of 
IMC with PVOH by the hot-melt extrusion did not clearly change the chemical shift and peak 
shape of CH2 carbon and CH3 carbon of PVOH, although the peak shape of CH carbon of 
PVOH was changed depending on IMC loading. Terao et al. reported that the CH carbon of 
PVOH can be separately observed depending on intramolecular hydrogen bonding between 
hydroxy groups of two consecutive units of PVOH.38 The CH group forming two 
intramolecular hydrogen bonding through its hydroxy group with two consecutive hydroxy 
units was detected at around 77 ppm, described as C1’. The CH peak detected at 70 ppm was 
assigned to CH group that formed one intramolecular hydrogen bonding with the near CH unit, 
described as C2’. The CH peak at 65 ppm represented free CH that formed no hydrogen 
bonding between the consecutive CH units, described as C3’. The relative peak intensity of 
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C2’ gradually increased with the increase of IMC loading. Zhang et al. reported that the 
changes of CH peaks of PVOH in the polymer blend with poly (acrylic acid) or poly 
(methacrylic acid) is caused by intermolecular hydrogen bonding through hydroxy group of 
PVOH and carboxylic group of each polymer.39 Likewise, the intermolecular hydrogen 
bonding would be formed via hydroxy group of PVOH and the carboxylic group of IMC. 
Moreover, the increase in the relative peak intensity of C2’ by the IMC loading was larger in 
IMC/PVOH HME (190ºC) than that in IMC/PVOH HME (170ºC). The hot-melt extrusion at 
high temperature effectively formed the intermolecular hydrogen bonding between PVOH and 
IMC.  
By comparison of IMC peaks among the amorphous IMC and the IMC/PVOH HMEs, the 
peak shape of the carboxylic acid of IMC was remarkably changed, while the clear difference 
of other IMC peaks could not be detected. Figure 2-7b represents the enlarged spectra of carbon 
peak of the carboxylic acid of IMC. The carbon peaks of the carboxylic acid of IMC could be 
separately assigned to four species; carbon peak associated with cyclic dimer was detected at 
179 ppm, followed by the carboxylic acid chain at 176 ppm, carboxylic acid interacted with 
amide at 172 ppm, and free carboxylic acid at 170 ppm.40 The relative peak intensity of cyclic 
dimer of the carboxylic acid of IMC was decreased depending on the PVOH loading. The 
dimeric structure of the carboxylic acid of IMC would be breakup, and subsequently a new 
interaction was formed between IMC and PVOH. These results obviously verified the 
intermolecular interaction between the hydroxy group of PVOH and the carboxylic acid of 
IMC in IMC/PVOH HME. This intermolecular interaction could contribute to the high 
miscibility of IMC and PVOH in the HMEs. The decrease of the cyclic dimer peak of the IMC 
carboxylic acid by PVOH blending was larger in IMC/PVOH HME (190ºC) than that in 
IMC/PVOH HME (170ºC). The hot-melt extrusion at high extrusion temperature could 
efficiently promote the formation of intermolecular interaction between IMC and PVOH.  
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Figure 2-6. 13C cross polarization (CP)/magic-angle spinning (MAS) NMR spectra of (a) -
IMC, (b) amorphous IMC, (c) IMC/PVOH HME (7:3, 170ºC), (d) IMC/PVOH HME (7:3, 
190ºC), (e) IMC/PVOH HME (5:5, 170ºC), (f) IMC/PVOH HME (5:5, 190ºC), (g) IMC/PVOH 
HME (3:7, 170ºC), (h) IMC/PVOH HME (3:7, 190ºC), (i) PVOH HME (170ºC), and (j) PVOH 
HME (190ºC). 
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Figure 2-7. The expanded 13C CP/MAS NMR spectra of IMC/PVOH HMEs at (a) 60-80 ppm 
and (b) 160-185 ppm. The IMC/PVOH HME (170ºC) and IMC/PVOH HME (190ºC) spectra 
were overlapped with the normalization. The arrow in the spectra at 60-80 represents a 
magnitude of the peak change of IMC/PVOH HMEs from PVOH HME. 
  
38 
 
Physical stability of IMC/PVOH HMEs 
The PXRD measurements were used to examine the physical stability of the amorphous 
IMC and the IMC/PVOH HMEs stored at 0% RH and 60ºC (Figure 2-8). Amorphous IMC was 
rapidly recrystallized only after 1-day storage. Whereas, the IMC/PVOH HMEs (3:7) and 
IMC/PVOH HMEs (5:5) exhibited no crystalline peaks of IMC even after 2-week storage. 
Amorphous state of IMC could be stably maintained by the blending with PVOH by the hot-
melt extrusion. Nonetheless, the IMC/PVOH HMEs (7:3) exhibited the IMC crystalline 
diffraction peaks after 2-week storage, even though the amorphous state of IMC in IMC/PVOH 
HMEs (7:3) could be more stably retained than amorphous IMC. Furthermore, the intensity of 
IMC crystalline peaks became visible on storage were much larger in IMC/PVOH HME (7:3, 
170ºC) than those in IMC/PVOH HME (7:3, 190ºC). The physical stability of the amorphous 
IMC was higher in the IMC/PVOH HMEs prepared at the higher extrusion temperature.  
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Figure 2-8. PXRD patterns of (a) IMC/PVOH HME (3:7, 170ºC), (b) IMC/PVOH HME (3:7, 
190ºC), (c) IMC/PVOH HME (5:5, 170ºC), (d) IMC/PVOH HME (5:5, 190ºC), (e) 
IMC/PVOH HME (7:3, 170ºC), (f) IMC/PVOH HME (7:3, 190ºC), and (g) amorphous IMC 
after storage at 0% RH and 60ºC. The IMC/PVOH HMEs and amorphous IMC were stored for 
2 weeks and 1 day, respectively. Crystalline IMC peaks are denoted with asterisks in the PXRD 
patterns. 
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Effect of the hot-melt extrusion condition on molecular state and physical stability of 
amorphized IMC with PVOH 
The amorphous stability of the drug in solid dispersion strongly depends on the molecular 
state of the amorphized drug in the polymer matrix. Figure 2-9 depicts a schematic illustration 
of the molecular state of IMC and PVOH in the HMEs before and after storage. The hot-melt 
extrusion at 170ºC caused a partial melting of PVOH crystal and formed the two crystalline 
phases of PVOH in the HME. In the hot-melt extrusion process, the IMC was mixed with 
PVOH, and an intermolecular interaction was formed between carboxylic acid of melted IMC 
and the hydroxy group of amorphous PVOH. Concurrently, the intermolecular interaction 
should disrupt the crystalline phase of PVOH. The IMC molecules were well-dispersed into 
amorphous phase of PVOH in the HME with the low IMC loading. The increase in the IMC 
loading resulted in the formation of a greater amount of amorphous phase of PVOH. 
Furthermore, the IMC-rich phase could be formed when the IMC loading overreached the 
proportion in amorphous phase of PVOH. The stabilization effect of amorphous IMC by the 
interaction with PVOH did not efficiently work for the IMC molecules in IMC-rich phase and 
caused recrystallization on storage. The extrusion temperature could significantly influence the 
physical stability of amorphous IMC in the IMC/PVOH HME. In the hot-melt extrusion 
operation at higher temperature of 190ºC, the crystalline phase of PVOH should be melted 
more rapidly than that at lower temperature of 170ºC. Accordingly, a greater amount of IMC 
molecules could be homogeneously dispersed into amorphous phase of PVOH, which formed 
a stronger intermolecular interaction. The higher miscibility and stronger intermolecular 
interaction between IMC and PVOH in IMC/PVOH HME (7:3, 190ºC) introduced the greater 
physical stability of amorphous IMC than that in IMC/PVOH HME (7:3, 170ºC).  
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Figure 2-9. A schematic illustration of the molecular state of IMC and PVOH in the HMEs 
prepared before and after storage. 
  
42 
 
Conclusions 
Hot-melt extrusion of NIF and PVOH successfully amorphized NIF with the intermolecular 
interaction between the NH group of NIF and the acetyl group of PVOH in the amorphous 
PVOH phase. The intermolecular hydrogen bonding formed between NIF and PVOH was 
strengthened with the decrease in the DH of PVOH. However, the PVOH-based solid 
dispersion with relatively high DH could effectively stabilize amorphous NIF in the solid 
dispersion due to the high intrinsic Tg of the PVOH compared with that with relatively low DH. 
Therefore, the Tg of PVOH rather than the intermolecular interaction between NIF and PVOH 
could effectively work for the stabilization of amorphous NIF in the solid dispersion. 
Amorphous IMC was also successfully amorphized by the hot-melt extrusion with PVOH 
with high DH. The hot-melt extrusion of IMC and PVOH led to the formation of the 
intermolecular interaction between the carboxylic acid of IMC and the hydroxy group of PVOH 
followed by the disruption of the crystalline phase of PVOH. Homogeneous mixing of 
amorphous IMC with amorphous PVOH effectively inhibited recrystallization of amorphous 
IMC. Excess IMC loading caused the formation of IMC-rich phase in IMC/PVOH solid 
dispersion, resulting in the recrystallization of IMC on storage. The rapid and complete melting 
of PVOH in the hot-melt extrusion process at the high extrusion temperature could enhance the 
miscibility and promote the formation of intermolecular interaction between IMC and PVOH. 
Hence, the physical stability of amorphous IMC in IMC/PVOH solid dispersion prepared by 
hot-melt extrusion was improved by increasing extrusion temperature.  
The present study clearly indicated the intrinsic Tg of PVOH was significantly important for 
stabilization of amorphous drug in the PVOH-based solid dispersion. Moreover, extrusion 
temperature also affected the miscibility and intermolecular interaction between drug and 
PVOH, leading to different physical stability of amorphous drug in the solid dispersion. 
Therefore, consideration of Tg of the PVOH and optimization of hot-melt extrusion conditions 
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in the viewpoint of the molecular state of both drug and PVOH on the hot-melt extrusion 
process was important to obtain the stable solid dispersion formulations. 
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